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41GH-RESOLUTION SPECTROSCLOPY LSINE TUMABLL DICDE LASERS:
TECHNIQUES AND APPLICATIONS*

by

Tt o - Robin S. McDowell
T University of Calilornia, Los Alamos Scientific Lahoratory
o ) ) Los Alamos, Mew Mexico 87545

Introduction

There are naw about a dozen methods for generating tunable monochromatic infrared radiation.
These are summarized in Table 1. together with indications of their wavelength coverage, resolution,
and power levels. (It should be emphasized that resolution and output pow:r depend upon details of
construction and operation ani may vary greatly with wavelenqth and operating ccnditions, sa these en-
tries are only approximate. The references have been chosen to give rapid access to the literalure,
and do not reflect priority of develooment; review articles have been cited where possible.)

Table 1. Generation of Tunable Monochromatic Infrared Radiation

i em e e e . - : . Highest
e e . ) reported . a
) L ) ) Wavelength resolution Ppproximate puwer [W]
Device coverage [im] lem-11 oo pulsed
Semiconductor diode lasers'® 0.4.34 2x10-6  10°3 (0.1) 10 (109)
Gzs lasers: .5 o )
T High pressure 07 laser?® 9-11 3 x 106 1 103
NIy Zeeman-tuned gas laserss6 3-9 3 x 10-3 10
Ruman scattering processis- 5-9
Spin-fiip Raman laser »3,5- 3.0 4
4.6-6.5 3«10 103 (103)
8.7-17 3 x 10-9 102 (10)
80-120 0.1 10-6
Polariton laserZs3 16-20, 40-710 0.5 10 (103&
Tunahle-laser-pumped Raman scattering? 0.8-15 0.3 103 (108)
Optical parametrir oscillators2.3.5,10 0.4-17 1 % 1073 104 102 (106)
Non-linear optical mixing techniquss- ) .
Ditference frequency generation?s5,6,11 C..1.1-25, s2-2000 3« 10-6 06 (107Y) (108)
Two-photon mixing smicgowave modulatien)5-‘7ﬂ-11 3~ 100 10 6
Four: photon mixinq-'b' 7-21 0.1 “0.1
Coherent Raman nixing'3 3.3-70
Miscellaneous lasers: | ]
Color center laserl) 0.9-3.3 -10.03 Lot
Free electron laser 3.4 7 100

.8 Tyopical and (maximum).
|

While high-resolution spectroscopy has been performed with e magom iy of these devices, tunable
semiconducter diode Tasers (SD''s) have proved Lo be mosl convenient,  Feshaps 75 ab [he in'rared
laser spectia veported 1o dale have heen obitaired wilth diades, and 'his meapartion will daubllerss in-
crease now that complele SDL speclromelers i available comrereially.

Techniaques of Tupahle Niode [aser Spoclroscepy

' The system in use at fos Atamos is il1lustreated din big. 1. ke doede s eounded 4l The contee of

citosaperacsducling magnet contained dnoa Tiguid hedigm eryostat, Thi- alTows o b take advanlange of

A ork perforeed goder Lhe vaspices of Lhe 118, Lnovay Besoareh and Develoresal Adbajun Dealinn.



the increased tuning range provided Ly zmall Eagnetic fields F;;F“f
{<7 kG) as described by Flicker and Nereson.'® “Once the de- mOTTER |-
sired mode has been obtained, the SDL is current tuned by the
output of a ramr generator.

The leser emission is collected by an f/3 InSe lens and
focused on the entrance slit of a Spex 1-m monochromator,

which is used to select a single laser mode and to provide a

coarse frequency calibration. A 700-Hz mecharnical chopper J

immediately in front of the entrance slit modulates the beam ..

for detection by a lock-in amplifier. At the exit slit of Sy

the monochromator the beam is ccllimated by a second ZnSe [rae)

lens and then divided by a germaniur beamsplitter into sample .
and calibration beams; each of these is focused by a parabol- Fig. 1. Experimental arrangement for

i¢ mirror onto a Cu-doped germanium detector, The sample and SDL spectroscopy.
calibration signals are recorded simultaneously on a two-pen
XYY' recorder, with the current ramp driving the X axis.

Relative frequency calibration (i.e., calibration of tuning rate) is provided by interferen.e
fringes from a germanium etalon; the fringe spacing of such an etalon at normal incide=re is

= 1/2h[n - A(dn/dA)],

where h is the etalon length and n is the index of refraction of germanium at the wavelength A of 7
measurement. The best current values of n and dn/d)\ are prolLably those of Herzberger and Sa]zberg.'l
but 4 new and more accurate determination of these quantities would be desirable. There are certain
difficulties associated with the use of germanium etalons: for example, small changes in the angle of
incidence of the SDL beam on the etalon, such as can be_expected iT a non-scanning monochromator is
used for mode selection, can ffect the fringe spacing.!8 We now insure that during each spectral
s¢un the monochromat  grating drive is advanced at a rate that keeps the image of the diode motion-
levs at the exit slit. With suitabla care, etalons can provide relative frequencies accurate to 0.001
«m-1 or better; to improve much upon this it will probably be necessary to use heterodyne methods,
which require a more sophisticated level of instrumentation.

Absolute frequency calibration is something of a problem in tunable later spectroscofy. Through-
out niost of the inrared the only available standards are absorption lines of simple molecules. The
TUPAC tabulation'? is the best source of such data, and it lists line frequencies with an absolute
accuracy of trom 0.005 to 0.0002 cm-! » depending on the mnlecule, over the reqgion 1 to .:350 cm~ -1,

Thiese lines are meant far users of grat1ng spectrometers, hcwever and are often not sp'\nd as c1ose-
1y as would be desirable for laser spectroscopy. Recently Knoll et al.?C have used SDL's to.compare

tha aLLurac¥ of C0p and HCN Tines in the 17- to 15-um region and found that they agree to w! hin

0 0008 cm doubtless there will be further attempts to check and improve the accuracy of molecular
ahsorption sLandarus in the near future.

In the 9-11 m reqion, very accurate absolute freguency standards can be established from the CO2
spectrum. A convenient arrangement is to place a high-voitage C02 gain c¢ell in the sample heam, as
shown in Tiq. 1. This gives a strong increase in s1qna] at Lh? positions of the CO2 laser frequencies,
which are tncwn witn a precision of about 30 kHz (10-6 ¢m-1).21 "ynfortunately, these lines are spaced
by 1.8 cm™! which Timits gEe1r usetulness. Additional higher-level C0p Taser bands have heen re-
ported hy Ri .d and Siemsen,““ and these may help Lo fill Lhe gaps between the principal laser transi-
tions. Many such emission lines have recently been nhsprvﬂg at Los Alamos using a ¢gain cell, and
accurate measurements of their {requencies are in progress.

These various calibration techniques are illustrated in Fig. 2, which shows a portion of the
spect eun of ]"Oxﬂa, with the tuning rate calibrated by a 3-in (7.%44-c¢m) etalon. The upper trace
shows 1he oulpul of the sample beam in a separale scan in which the 0504 cell was replaced hy a C0Op
grir ¢ell and a low-pressure anmonia absarntion cell, in series. The absarption lines ¢f NH3 and thP
P(14) dain Vine of €07 at 945 479 313 em 1 provide ahso]utn frequendy markers.
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ébéctré of Some Mol:wules Tmportant in Laser

Chemistry

We will vestrict the present discussion
cules that are strong absorbers of L0z laser

regyion.

SFg in 1975, the literature on this subject has grown rapidiy.

t0 SF¢ and 0s04, two mole-
radiation in the 10.5-um

Since the discovery of isotopically-selective disseciation in

summarizes references to laser-induced photodissociation and later iso-

tope separation (LIS) in SFg and 0sO4 through early 1977.

This work,

together with the observation of a wide varicty of naon-Tinear optical

phenomena in both molecules (for references, see 56), has stimulated an

interest in identifying the exact molecular transitions that are in

reconance with Lhe various laser frequencies.

accomplished with SDL spectra.

Both SFg and 0s04 are highly symmetric, with equilibrium molecular
symetries Op (octahedral) and T4 (tetranedral), respectively.

This has recently been

Such

molecules exhibit a compiex splitting of the individual rotational

manifolds due to tensor perturbations.

The theory of this band struc-

ture was developed in the »arly 1960's by Moret-Bailly57 and Hecht58
and was applied to the infrared absorption spectra of methane and its

Table 2

- A5TRRTION
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analogues. Their results for the trequencies of transitions in the calibration lines and etalon.
P, Q, and R branches can be written®9
Table 2. Photodissociation and LIS Experiments on SFg and 0s0y4.

Mol. Topic Reference

SF6 isotope separation Ambartisumyan et al.24
isotojpe separation l.yman et al.25
comparison of SFg with BCl3, CFpCly, Sify; theory Lyman & Rock?qod26
theory (dissociative electron attaéhment? Allen 2t al.¢/
isotope separation as function of pressure, intensity Ambartsumyan et a1.28
dissociation by pumping combination bands Ambartsuiyan et al.?9
theory Bloembergen
review article _ Letokhov & M00553‘
isotope separaticn as Tunction uf pressure and laser parameiers Hancock et al. .
dissociation as function of frequency, power; theory Anbartsumyar. et ai.2?
study of dissociation and enrichment; theory Ambarisumyan et al.;:
dissociation by two-freauency pumping Ambartsumyan et a% 23
theory (anharmonic oscillator) Mukamel & Joy ner“6
isctope separation Dupré et a1. 3.
theory (excitation to quasi-continuum) lLavsen & Bloeqsergen33
threshold intensity for dissociation Keefer et al.-
dissociation by two-froquency pumpiry Ambarisumyan et a1.40
theory (anharmanic splitting of excited vipr-tional states) Cantrell & Galiuraith3}
saturation Fagrarashvili et al.
theory Mikame]l & Jnrtns£4°
enerqgy dependence of dissociation Campbell el al,9%
isotope separation as function of laser parameters Gower R Bi11wgn45
theary Sione et al.
dissociation in a molecular beam Cogaiola et al.87
dissociation hy <hort pulses haladner et alq“a
dissoaciation as function of energy and pressure, theary fuse & Cotter
theary (anharmonic splitting ol excited vibravional states) Jensen of 31,9
dissociation rate Tal el al1.”2"
eftect of mode Tocking on reaction yield & i<alopic selectivily Pyman el a].??
dissocialtion thermodynamics Black ot al.?’

00, italope separation feabart=sumyan et a1, b8

dirmociation rate as a tunclion of frequency

dissaciation by Lwo-treguency pumning
divsociation by two-frequency punmping

Arthar Lsumvan et al. b
Abart~umyan et g
Mihary ivumvan el A1.Rn



vp g(duP) = m + oM+ pMZ b M3 4 (g - M+ KMO)F(4) S
Vq(dap) = m + vI(IH1) + wd2(3+1)2 + [-2g + ud(J*+1)]F(4) (2)

in dominant aporoximation, with off-diagonal terms in the Ham:ltonian neglected. Here J is the tatal
arjular momentum quantum number, M = [-J,(J+1)] for [P,R]-branch transitions, p designates the sub-
level {classified according to its tetrahedral or octahedral symmetry), and F(4) is the product of a
symmetry-adapted fourth-rank tensor operator times a J-deperdent factor. The first terms in these
equations are the usual scalar expressions for the manifold frequencies, where m is the band origin,

n = B+Bp*2(Bg)j, P = v = By-Bp, etc.; the second or tensor portion describes the splitting of the in-
dividua?l J—mani}ohkinto their various symmetry-allowed component levels. F(4) will be different for
a given component in each of the thrgﬁ branches; values of F(4) have recently been tabulated for ail
(J.p) levels up to J = 100 by Krohn.

molecules that exhibit high-J transitions simply
could not be adequately resolved before the develop-
ment of tunable 1ase; spectrosccpy. As an example of
the data that we deai with now, Fig. 3 illustrates a
portion of the P branch .f the bending fundamental vg
of CFg. showing the menifold P(54) split into well-
resolved tetrahedral camponents.

i
iiLils

e . I ELE
In 1970 Hinkley61:62 ysed SDL's to obtain Dopp- i

ler-limited spectra of the vq band (infrared-active Fig. 3. ?pectrum of CF4 between 602.8 and
stretching fundamental) of SFg in the regions within €C%.0 cm™', showing resolved high-J P-branch
+1 GHz of the C0p P(14)-P(24) laser lines. These re- manifolds.

vealed a complex vibration-rotation structure in

whicii the individual manifolds such as that shzwn in Fig. 3 were badiy overlapped. Becausc of the
small fraction (-2%) of the band covered in thgae measurements, it was not possibla to assign the in-
dividual transitions. In 1975 Aldridge et al.®? first obtained at Los Alamcs SDL spectra that were
nearly continuous over much of the vi fundamental. In conjunction with this experimental work, Can-
trell and Galbraith®% derived the correct nuclear-spin statistical weights for octahedral XYg mole-
cules, which are 2,10,8,6,6 for sublevels of p - Ay,A2,5,F),F> symmetry if the Y-nuclei have agins 1=
1/2. These advances allowed much of the rotational structure to be assigned. The first step®? was ta
assiqn Hinkley's spectra near the C02 P(14), P(18), and P(20) lines, whichk fall in the P and R branch-
ey dal noderate vaiues of J [approximately R(28), P(32), and P(59), respective]gg. Next the region of
CO» P(16), whicn ‘ies in the dense Q brarch of SFg, was sucg;ssfu]]y assigned,®® and recently the
high-J regions at CO» P(12) and P(22) have been identified. In this last step it was necessary to
consider transitions having J as high as 95.

1 T T 1 1T 1T 1 77T 7T

For methane-type molecules, with small moments of Wi e E

inertia, observed transitions are pretty much 1imited ot '"'wﬁ .
to J < 15. There was no need to consider larger an- |' 5
gular momentum states because the bands of heavier l ]4' ' *FTM
|
l‘ ll )
H ﬂ

-— 1557 2DYION

Sulfur Hexaflugride

=21

The complexity of these spectra can be appreciated by reference to Fig. 4, which shows a 0.09-
cn~T-wide portion of the SFg v3 Q branch centered at €0 P(16) (947.741 978 cm-1). A1l of these lines
are identifiad in the tigure; some of the transitions are qrouped inlo sub-branches which are identi-
fied as Qp,0p.....07. We won't go into the nature of the Q-branch structure here, but refer instead
to the ~riginal paper® for the meaning of this nomenclature.

Some 10,000 transitions have thus heen identified between 942 and 952 cm-1. With these detailed
assignments available, we could idenkify the abs?rptions in some very-high-resolution saturation
spectra recently obtained by Clairon ind Herry,0% wilhin the gain profiles of the variuus €0y laser
Tines. and weasured with an accuracy of 130 kHz (1079 cn-1) in absolute frequency. A total of 15
Tines (? in the P branch, 3 in the Q branch, and 4 in the R branch) were so measured?8 and have been
used Le delermine the spectroscopic constanis of this band 1o high precicion .69 For this analysis it
was necessary to include the off-diagonal terms that were nealected in [gs. (1) and (2); these cor-
reclions were made by an iterative procedure, and the final values of the parameters were determined
as {ollows (in em-1):



Scalar constants: m = 947.976 575 9 » 0,000 004 3 AT T | ——T
n = 0.053 817 60 * 0.000 000 135 g e v»« II?,{
p - (-1.818 642 = 0.000 022) x 10~ 4 b L!’!I ki h..pLITTT
v = (-6.998 70 + 0.000 18) x 10°> AT AN ' ||.]||IT|
g = (1.0389 + 0.0038) x 10-° S L
Tensor constants: g = (-2.458 283 + 0.000 952) x 169
h = (-5.63 + 0.12) x 10"

The standard deviat an for 15 1ines was 0.14 MHz = 4.7 x

10-6 ¢m-1, Note that the precision in the band origin, m.

is + 4.5 parts in 109, or about that o thke currently-ac-

cepted value of the velocity of 1ight! Such results were .

beyand the reach of infrared methods until the development Qamr? I __J

of laser spectroscopy. L R i e e U ey ot
FRIOQULRY RAATRT TO PRI COp LASER L1 D)

The SFg assignments near the CO2 P(12) to P(22) laser Fig. 4. Detail ot Sf Q-branch absorp-
1ines are given in Table 3. This table also includes a tion between G47.70 and 947.50 cm~!. The
summary of nulse breakug as observed in self-induceq SFg pressure was (a) 0 torr; (b) 0.1
transparency (S1T7).70-72 The immediate application of torr; trace {c) i ine zera,
these results to the non-linear optics experiments can be
summarized as follows:

(1) The disputed question of whether near-ideal nu]se breakup in S1T can occur on a degenerate
transition (see the references cited by Gibbs et al./3) is clearly answered in t*e affirmative by the
resiits av CO» P(12). Table 3 suggests that pulse reshaping can bhe aobserved on any P- or R-branch
Slg trans1t19n not accompanied by significant hot-band absorption, and thus sugparts the conclusion of
Gibbs et a\. that breakup requires only a non-overlapping P or R transition, not necessarily a non-
degenerate oqe.

(2) Tne hypothesis of appreciable overlap of P and Q trans;zions at C0»> p(13Y-p(22), arnd of R
&nd Q transitions at CO2 P(14), suggested by Heer and Nordstrom’% to account for their photon echo
polarization measurements, can definitely be rejected.

Table 3. Summary of Assiq.iments and Observed SIT Pulse Breakuyp in SFg.

llearest

: Peak rdiacent hot-
Co; ground-state Getuning SIT results strength hand ahsorption
line SFg transitien [MHz168 T [K] Observed pulse breakun [cm-! 1\orr'1] [em-Ttarr-1]
P(12) R(&6) Ap0+Fo0+4F 0+a10 -23.02 300  Near ideal’0 0.50 ~0.03
P(14) R(?8) Azo +17.59 300 Near ideal’0 0.4 0.4
P(16) 0{38) F0+£0+F,0 -7.24 306 Poor/0 0. 88 0.3
P(18) P(33) iyl +6.71 300  Fxtremely poor’] 0.42 0.3
195  Appreciable’/? 2.7h 0.14
P(20) P(59) Ap3 +27.76 300  Nore/071 0.7% 0.2%
P(22) P(34) Apl+k 3+F 3+ay1 —450 300 ... (.19 0.23
\ precise value for the isotope shift in vy ont ST s of interest in <ome of Uhe isotope srpara
tion oxper1mnnfs (Table ?). We have rosolved the Q hrnn(h of ’3\F6 present {n c . uatural abundance

(0.7672) : TH have prrformed an analysis similar to that ot 325Fg 667 Tha 374335 whify 14 B.970 *
0.002 cm Similar reasuroments w11} he made on 3‘§|( and will allow a refinerment of the qeneral
quadratic valence force field of St 5

Osmium Tetroxide

The stretching tundamental ya of 0s0q al 961 em=1 shows well-resolved FOR structure when record-

ed wilh a arating specorometer,’? but individuadl rotational transilions bave not been vesolved excopt
by ~atu-ation vyrctroscony within the Dopnler widths of the €02 Jaser Ty 7008 Bocanse there are
seven skable isolopes of asiiua, Lhe use of isalopically pave malerial s Ltcessary 1o ditentangle

the rotaltional fine structure. Kompanets ct a1./8 recognized this prablem ana recorded saturation



snectra of the 1879s, 1890s, '900s, and 1920s species separately, but these studies of narrow spectral
regions were not adequate for line assignments to re made.

Recently we have recorded at Los Alamds 411 of the vy band of 1924 505 (isotopic purity 99. 06%)
with a Nicolet Fourier transform spectrometer (resolutiorn 0.05 cm-1), and have investigated selected
portions of this band in more detail with SDL's. The P(46) manifold is shown in Fig. 2; note that it
consists of just seven lines, of which one (the lowest-frequency, or leftmost, one in Fig. 2) contains
two components-- a total of eight transitions. In contrast, a J = 46 manifold of SFg, CHg, or CFy
contains 39 transitions that group themselves into about 15 resolvible lines (cf. P(53) of CFq in Fig.
3). The recason far the difference is that oxygen-16 has zero nuclear spin, and as a result only rota-
tional levels of A symmetry exist. Sincc, cn the average, only about 23% of spherical-top rotaticaal
levels have Ay or Ap symmetiy. 2 considerable simplification of the spectrum results for tetroxide
molecules. Note also the large number of unassigned hot-band transitions in Fig. 2; at 300 K (at
which this spectirum was recorded), 69% of the 0s04 molecules are excited to vibrational states above
the ground state, resulling in a strong and complex hot-band background. We have since obtained
spectra of 0504 cooled tp 245 K (ground-state population 46%), wiich significantly reduces the inter-
ference due to hot-band lines.

The analysis of this band is still in progress, but we have assigned the P and R branches and
now have firm assignments throughout most of the Q branch. Preiliminary values for the 13 0s04 vy
constants are (in amn-1):

Scalar constants: m = 960.703 0 005 Tensor constart: ¢ = (1.12 * 0.02) x 105
n = 0.2363 + 0.0003
p=(-1.74 z 0.05 ) x 10-4
v=1(-1.4+0.1) x 103

The strongest absorption cbserved by Kompanets et al. 78 jn '9‘0504 was at aboul +1.5 MHz from
COp P(14). They assumed that this was a ground-state transition with J = 45, and measured its tatu-
ration and pressure-broadening characteristics. OQur measurements (Fig. 2) indicate that this absorp-
tion or1g1n?tes from a hot-band transition; the nearest ground-state transition is the P(46) line at
949.48¢ ¢n~ !, or at about +150 MHz from COZ P(14), well outside the region covered by the saturation
spectra./8 Because of the sparseness of lines in the 0s04 spectrum compared with that cf, 'say, SFg,
it may B ibat none of the Vines observed insice th? gain nrofiles of the CO» lacer emission is a
trarnsition from the vibratianal ground state. Further work on this mnlecule, including 1ntens1ty
measurements (from which the transition moment can be estimated) and spectra of other isotopic
species, is in progress.
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